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 Recent advances in clinical practice drive deoxyribonucleic acid (DNA) as an important class of 
biomarker. Monitoring the change in their concentration suggests the initiation and/or pro-
gression of various disorders. However, low quantity of DNA biomarkers in body fl uids requires 
a delicate isolation methodology that provides effi cient separation and easy handling. This 
study describes a newer-generation separation technology relying on electrospun fi bers of 
sub-micrometer diameter of a commodity polymer for DNA biomarkers in simulative serum. 
Fibrous polystyrene membranes are prepared by electrospinning and they are subjected to 
post-modifi cation with Au. The composite membranes may 
provide a convenient environment for the removal of bovine 
serum albumin (BSA) from BSA and DNA mixtures. The 
eluent can be used as an effi cient tool for detection of DNA 
biomarkers associated with diagnosis of numerous life-
threatening diseases. 
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 1.  Introduction 
 Early detection of any disease remarkably improves the 
possibilities for successful treatment. Recognition of 
warning signs and taking precautions against disease 
progression are two major factors of an early recovery. 
Recent advances in the use of blood tests for early detec-
tion of various types of diseases hold great promise for 
achieving precise yet cost-effective diagnoses. Monitoring 
biomarkers in the bloodstream and their concentrations 
are crucial for early detection of diseases. [ 1 ] Deoxyribo-
nucleic acid (DNA) emerges as an important class of bio-
markers enabling early detection of both acute medical 
emergencies and critical progressive diseases. A change 
in the amount of DNA biomarkers can be measured at 
any point in time and can be used in detection and pro-
gression steps. [ 2 ] However, collection/isolation of DNA 
biomarkers from body fl uids is still a challenge since the 
protein content in blood samples severely interfere. [ 3–5 ] 
Current nucleic acid assays hold promise for the detec-
tion of DNA biomarkers; however, many of these novel 
assays are vulnerable to interfering species. [ 6,7 ] Moreover 
nucleic acid purifi cation processes often require a harsh 
extraction environment, and the use of certain reagents 
result in degradation of the molecules. [ 8 ] Handling the 
intrinsic low concentration of DNA biomarkers in blood 
is challenging and requires novel and innovative separa-
tion methodologies techniques is obvious. The utilization 
of affi nity membranes provides selectivity to capture the 
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nucleic acids on the membrane surface. [ 9 ] Fibrous affi nity 
membranes prepared by the electrospinning process have 
been attracting increasing attention in the biosepara-
tion fi eld because of their structural advantages that stem 
from their enhanced surface area, high porosity, and ease 
of surface functionalization. The key parameter in such 
systems is the fi ber morphology (i.e., thickness, shape, 
and porosity), which can be controlled via solution, instru-
mental, and environmental parameters. [ 10,11 ] The resulting 
fi bers have mechanical integrity and can resist mechanical 
forces in various applications. [ 12 ] In addition, the surface 
of the electrospun fi bers can be functionalized via pre- or 
post-treatments because of the fi bers’ interfi ber spacing 
in mat-like structures. [ 13,14 ] The use of electrospun mem-
branes in the separation of biomolecules has been recently 
recognized. Ramakrishna and coworkers used nylon fi bers 
decorated with zinc-doped hydroxyapatite nanoparticles 
(NPs) to adsorb bovine serum albumin (BSA). In addition, 
the same authors used cellulose acetate membranes with 
immobilized Cibacron Blue for the adsorption of BSA and 
bilirubin. [ 15–17 ] In contrast, the use of metal ions changes 
the surface charge of the membranes and enhances the 
adsorption capacity of specifi c molecules, and immobiliza-
tion of various molecules can be used to tune the binding 
affi nity. Nitrate-modifi ed cellulose diacetate [ 18 ] and poly-
acrylonitrile (PAN) [ 19 ] membranes were prepared for the 
removal of BSA from aqueous systems. Fort et al. demon-
strated the use of carbohydrate-decorated polycaprolactone 
electrospun fi bers for the adsorption of specifi c lectins, 
which are carbohydrate-binding proteins. [ 20 ] Moreover, 
BSA and lysozyme separation was investigated on cellulose 
acetate nanofi bers functionalized with diethylaminoe-
thyl or carboxylate groups. [ 21 ] The separation of lysozyme 
from chicken egg white was studied by Chiu and his cow-
orkers, who used a combination of electrospinning and 
alkaline hydrolysis processes to prepare PAN nanofi brous 
membranes. [ 22 ] Molecularly imprinted electrospun mem-
branes have also attracted considerable attention because 
of their specifi c recognition sites. The fi brous membranes 
with multimodal pore structures were developed for the 
adsorption of template BSA and hemoglobin molecules. [ 23 ] 
Protein adsorption has been also used in cell attachment 
applications. The adsorption of fetal serum albumin on 
electrospun poly( D , L -lactide) nanofi brous membranes was 
examined by Leong and co-workers. [ 24 ] However, the sepa-
ration of nucleic acids from proteins has not been a focal 
point of previous studies. 
 In this study, we use a convenient approach to develop 
an affi nity membrane for the separation of DNA bio-
markers from BSA. The strategy is based on the retrieval 
of DNA by adsorption of BSA from a BSA + DNA solution 
mixture using column experiments. Given the intrinsic 
hydrophobicity and the inter- and intraporous struc-
ture of polystyrene (PS), [ 25 ] the use of its electrospun 
membranes may be an alternative fi lter material for 
bioseparation processes. PS, as a common commodity 
vinyl polymer, was electrospun from solution. The separa-
tion effi ciency of the electrospun membranes was exam-
ined using a model mixture of BSA and single-stranded 
DNA (ss-DNA) in simulative serum. A single-stranded 
DNA sequence with 22 nitrogenous bases was selected as 
a representative DNA biomarker. 
 2.  Experimental Section 
 2.1.  Materials 
 PS ( M w ≈ 350 kg mol −1 , Aldrich), BSA (≥98%, Sigma-Aldrich), and 
ss-DNA oligonucleotide 5′-TAG-CTT-ATC-AGA-CTG-ATG-TTGA-3′ 
(Sigma-Aldrich) were used without any further purifi cation. Phos-
phate-buffered saline (PBS, Sigma), sodium pyromellitate buffer 
solution (HPCE, 20 × 10 −3  M , pH 9.0, Fluka), tris-EDTA (100× for 
molecular biology, Sigma), sodium acetate (pH 5.12, Fluka) buffer 
solution, hydrochloric acid (HCl, 37%, Sigma-Aldrich), and 
sodium hydroxide (NaOH, ≥98%, Sigma  Aldrich) were used 
for pH adjustment. Gold(III) chloride hydrate (HAuCl 4 , 99.99%, 
Aldrich) and trisodium citrate dihydrate (C 6 H 5 Na 3 O 7 ·2H 2 O, >99%, 
Sigma-Aldrich) were used for surface modifi cation experiments. 
 N , N -Dimethylformamide (DMF, 99%, Carlo Erba), ethanol (≥99.5%, 
Sigma-Aldrich), and water (molecular biology reagent, Sigma) 
were used as solvents. Coomassie blue stain was supplied by 
Sigma. Magnesium chloride hexahydrate (MgCl 2 ·6H 2 O, Merck), 
calcium chloride (CaCl 2 , Aldrich),  D -(+)-glucose (≥99.5%, Sigma), 
potassium chloride (KCl, Merck), urea (ACS reagent, 99.0%–
100.5%, Sigma-Aldrich), and sodium chloride (NaCl, Merck) were 
used without further purifi cation. 
 2.2.  Fabrication of Electrospun Polystyrene Membranes 
 PS was dissolved in DMF at different concentrations (15, 25, and 
30 wt%) and stirred for 24 h until homogeneous solutions were 
achieved. The polymer solutions were transferred to 20 mL plastic 
syringes with a stainless steel needle (18 gauges), and the needle 
was connected horizontally to a high-voltage power supply 
under 15 kV potential (Gamma High Voltage Research Ormond 
Beach, FL, US). A microsyringe pump (LION WZ-50C6) was used 
to fi x the fl ow rate at 5 mL h −1 , and the tip-to-collector distance 
was 15 cm. Fluffy PS fi bers were obtained on the grounded alu-
minum plate with 45 RH% at 20 °C. For the surface modifi cation, 
PS electrospun membranes were immersed in HAuCl 4 solution 
(3.25 × 10 −3  M , 40 mL g −1 fi ber) at room temperature; the immo-
bilization process was conducted for 48 h on an orbital shaker 
at 240 rpm (IKA-WERKE Yellow Line, Germany). The reduction of 
gold cations on the fi ber surface was subsequently induced by 
adding trisodium citrate solution (8.2 × 10 −3  M , 40 mL g −1 fi ber), 
and the solutions were shaken for an additional 4 h. The mem-
branes were then removed from the solutions and dried under 
room temperature. 
 The morphology of the electrospun membranes was observed 
using a scanning electron microscope (SEM) (FEI Quanta 
250 FEG, Oregon, USA). Elemental analysis was conducted 
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using energy-dispersive X-ray spectroscopy (EDS), and fi ber 
diameter distributions were estimated statistically from SEM 
micrographs using ImageJ 1.50b software. [ 26 ] The surface area of 
the electrospun membranes was measured using the Brunauer–
Emmett–Teller (BET) gas adsorption method (Micromeritics 
Gemini V, GA, USA). The thermal properties of the PS/Au 
membranes were analyzed using a Perkin–Elmer Diamond 
TG/DTA. 
 2.3.  Adsorption Study 
 As-prepared membranes were used as an adsorbent for the 
removal of BSA molecules from a model solution. The elec-
trospun membranes were placed into the homemade syringe 
column with an inner diameter of 15 mm. PBS was dissolved 
in 200 mL of deionized water, which yielded 0.01  M phosphate 
buffer. Tris-EDTA buffer (100×) was diluted to 1× in water to 
obtain a pH 8 buffer solution, and sodium pyromellitate buffer 
solution was diluted to 1 × 10 −3  M with water to obtain a pH 
9 buffer. Sodium acetate buffer solution was used for pH 5.12. For 
the adjustment of pH, HCl or NaOH was used. DNA was dissolved 
to a concentration of 100 × 10 −3  M in PBS buffer. To avoid freeze-
and-thaw cycles, the 100 × 10 −6  M DNA was diluted to 1 × 10 −6  M 
fractions in 1.5-mL volumes, and molten samples were not frozen 
again. The BSA solutions were prepared in PBS buffer. The mix-
ture of BSA and DNA solutions was prepared in equivolume 
(10 and 1 × 10 −6  M , respectively). The fi brous membrane-fi lled 
syringe column was wet with 1 mL of PBS buffer before the 
adsorption study. The analyte solutions were then passed 
through the electrospun membranes, and the eluted solutions 
were analyzed using a UV–vis spectrometer (SHIMADZU, UV 
2450, Japan). To investigate the effect of membrane amount, 
columns were prepared with 5-, 10-, 20-, 40-, and 80-mg mem-
branes, and the same process was applied for BSA adsorption. 
Coomassie blue solution (prepared in 50% methanol–10% acetic 
acid–40% water mixture) was used for the visualization of BSA 
after the fi ltration process. To this end, the electrospun mem-
branes after BSA adsorption were collected from the column and 
treated with Coomassie dye for 30 min at 150 rpm in an orbital 
shaker. The dye-treated membranes were then immersed into 
the destaining solution to remove free dye molecules. The appli-
cability of the membrane fi lters was investigated using a simula-
tive serum solution prepared using 4.5 × 10 −3  M KCl, 5 × 10 −3  M 
CaCl 2 , 1.6 × 10 −3  M MgCl 2 , 4.7 × 10 −3  M D -(+)-glucose, 2.5 × 10 −3  M 
urea, 0.1% BSA, and 145 × 10 −3  M NaCl. [ 27 ] The separation effi -
ciency of the membranes was investigated using the afore-
mentioned procedure. After adsorption, the morphology of the 
membranes’ fi bers was examined using microscopy. 
 3.  Results and Discussion 
 3.1.  Morphology of Electrospun Fibrous Membranes 
 PS membranes consisting of sub-micrometer-diameter 
nonwoven fi bers were prepared by electrospinning from 
DMF solutions. Figure  1 a shows a representative overview 
SEM micrograph of the membrane prepared from 15 wt% 
PS solution. The inset presents a higher-magnifi cation 
image showing the surface feature of the constituent 
fi bers. PS fi bers exhibit a porous and rough surface mor-
phology most probably due to phase separation between 
DMF and moisture in air associated with rapid solvent 
evaporation from the spinning jet. [ 25,28,29 ] 
Macromol. Mater. Eng. 2016,  301,  827−835
 Figure 1.  a) Representative SEM micrograph of PS membrane pre-
pared from electrospinning of DMF solution at 15 wt% concen-
tration, and fi ber diameter distributions of PS fi bers electrospun 
from b) 15 wt%, c) 25 wt%, and d) 30 wt% PS/DMF solutions.
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 Figure  1 b–d represents the average fi ber diameter 
(AFD) distributions of the PS fi bers. We controlled the AFD 
between 0.8 ± 0.3 and 9.5 ± 2.9 μm by simply changing 
the polymer concentration. Increasing the PS concentra-
tion results in entanglements of the polymer chains and 
increases the viscosity of the solution. [ 30 ] As the viscosity 
increases, the solution becomes suffi ciently strong to 
discourage the bending instability of the jet. Stretching 
of the jet because of high electrical potential in the spin-
ning process is reduced; [ 31 ] as a result, the mean of the 
fi ber diameter distribution shifts to larger diameters. In 
agreement with the literature results, [ 32 ] the diameter of 
PS fi bers increases as the third power of the solution con-
centration (Figure S1, Supporting Information). The BET 
method was used to determine the surface area charac-
teristics of the PS fi ber assemblies (Figure S2, Supporting 
Information). Table  1 presents the nitrogen adsorption 
results for the PS fi bers prepared at different concentra-
tions. The surface area of the PS fi bers was ranged from 
51.9 to 36.8 m 2 g −1 showing a systematic decrease as AFD 
increases. 
 3.2.  BSA Adsorption 
 The fi brous PS membranes were fi rst utilized for the 
adsorption of BSA. The adsorption of BSA molecules 
was performed in a column with a fi xed amount of the 
PS membrane. To determine the concentration of BSA, 
we constructed a calibration graph of the absorbance 
of a series of BSA solutions of known concentrations 
(Figure S3, Supporting Information). Figure  2 a shows 
the absorption spectra of the BSA solution before and 
after the sorption process. The spectrum of BSA shows 
an absorption signal at 280 nm. The intensity of the 
signal was found to decrease after sorption. The effect of 
fi ber diameter on the BSA adsorption was investigated. 
Figure  2 b presents the adsorbed amount of BSA per gram 
of PS membranes with different AFDs. A close relation-
ship between the AFD and adsorption performance was 
observed. The amount of adsorption increased as the fi ber 
diameter decreased. Electrospun membranes consisting 
of thin fi bers exhibit high BSA adsorption, most likely as 
a consequence of the fi bers’ large effective surface area. 
Fiber diameter also determines the inter-fi brillar space 
(sieve size) in the electrospun mat during the deposition 
of the electrospun fi bers. A low space 
is formed during the deposition of thin 
electrospun fi bers, which may also con-
tribute to the removal of BSA. [ 33–37 ] As a 
result, thin fi bers are preferred for the 
BSA adsorption because they exhibit 
both a large surface area and small 
inter-fi brillar spacing. On the other 
hand chemical affi nity between PS and 
Macromol. Mater. Eng. 2016,  301,  827−835
 Table 1.  BET results for liquid nitrogen adsorption on electrospun PS nanofi bers. 
AFD
[μm]
BET surface area
[m 2 g −1 ]
Langmuir surface area 
[m 2 ·g −1 ]
Single point area
[m 2 g −1 ]
Pore size
[Å]
0.8 51.9 74.1 47.4 400.4
3.9 39.3 55.9 36.1 335.3
9.5 36.8 52.7 33.5 164.9
 Figure 2.  a) UV–vis spectra of initial BSA and fi nal eluent solutions 
fi ltrated through PS (15 wt%) membranes b) the effect of AFD on 
BSA adsorption for the PS membranes, and c) SEM micrograph of 
PS (15 wt%) membrane after BSA adsorption. (The concentration 
of BSA is 10 × 10 −6  M .)
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BSA plays an active role in the adsorption process. [ 38–40 ] 
BSA is composed of ≈600 amino acid residues, and some 
of these amino acids, such as phenylalanine, tyrosine, 
and tryptophan, have aromatic structures. When hydro-
phobic groups of proteins and the fi ber surface come in 
close proximity, they can interact with a pendant benzene 
ring of PS via π–π interaction, resulting in the adsorption 
of BSA molecules/clusters. 
 Figure  2 c shows the electrospun PS fi ber membrane 
after the BSA adsorption process. The morphology of the 
fi bers remains unchanged, and the electrospun mem-
brane preserves its mechanical integrity. Compared to 
the neat PS membranes shown in Figure  1 , a new phase 
appears among the electrospun fi bers after adsorp-
tion. This phase is attributed to the presence of BSA or 
clusters sieved by the electrospun membrane system. 
EDX analysis was performed on this new phase, which 
revealed the presence of nitrogen, which is not present in 
the molecular structure of PS. This presence of nitrogen 
atoms in the clusters suggests that this new phase in the 
PS membrane is rich in BSA molecules. 
 The pH of the dispersing medium strongly infl uences 
the conformation of BSA and, in turn, its adsorption 
characteristics by creating an electrostatic double-layer 
around the molecule. Figure  3 demonstrates the experi-
mental adsorption capacity of BSA molecules at dif-
ferent pH levels. The capacity reaches a maximum at pH 
= 5.1, which is similar to the isoelectric point (IEP) of BSA 
(4.8). The quantity of negatively and positively charged 
groups near the IEP is approximately same and there is 
no net charge on the protein. Thus, the size of the mol-
ecule decreases due to the mutual attraction of differ-
ently charged groups. BSA takes globular conformation 
with normal (N) isomeric form and 67% of the structure 
is α-helical. [ 41 ] When its net charge is small, the adsorbed 
amount on the electrospun membranes showed a 
remarkable increase at pH = 5.1 due to likelihood of neu-
tral PS surface. [ 42 ] 
 Figure  4 represents the effect of the initial concentra-
tion of BSA on the adsorption capacity of PS membranes. 
The increase in BSA concentration results in increased 
adsorption. The presence of BSA on the fi brous mem-
branes was observed by the naked eye using Coomassie 
blue stain. The change in the intensity of the dye also con-
fi rmed the high capacity of BSA adsorption. 
 3.3.  DNA Adsorption 
 UV–vis spectroscopy was used to determine the DNA con-
centration according to the Beer–Lambert law. DNA mol-
ecules show an absorption signal at 260 nm (Figure S4, 
Supporting Information). PS membranes containing elec-
trospun fi bers with different thicknesses were investigated 
in a manner similar to the BSA adsorption experiments. 
In sharp contrast to BSA, the adsorption of DNA increases 
with the fi ber diameter. Surface curvature has been dem-
onstrated to reduce the sorption of DNA molecules so that 
they prefer to adsorb onto fl at surfaces. [ 43–45 ] Consistent 
with this hypothesis, we observed that as the curvature 
increases (thin fi bers), the amount of DNA adsorption was 
lower because of intermolecular repulsions that originated 
from the negative charge of the phosphodiester backbone. 
Figure  5 shows that the DNA adsorption increased three-
fold as the AFD was increased from 0.8 to 9.5 μm. 
 3.4.  Adsorption of Model Mixture: BSA and DNA 
 Figure  6 demonstrates the signifi cant effect of fi ber dia-
meter on the adsorption of BSA from BSA and DNA mix-
tures. The sorption behavior of the both the bioanalytes in 
Macromol. Mater. Eng. 2016,  301,  827−835
 Figure 3.  The effect of pH on the adsorption of BSA on the 
electrospun PS membranes (15 wt%).  Figure 4.  Effect of initial concentration on the adsorbed BSA amount. The inset is the photographic images of PS membranes 
treated with a Coomassie blue staining after BSA adsorption.
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the mixture is similar to that of each analyte alone (either 
BSA or DNA), i.e., reducing AFD increases the BSA sorption 
and decreases DNA sorption, which is in good agreement 
with the observations shown in Figures  2 b and  5 . How-
ever, the sorption level of both bioanalytes in the mixture 
is lower compared to their sorption level on the PS mem-
brane when used alone (Table  2 ). 
 For instance, whereas the sorption of BSA alone was 
18.8 mg g −1 , it was reduced to 7.5 mg g −1 when the mix-
ture of BSA and DNA was used. This reduced performance 
can be explained by the competitive sorption of the both 
analytes. Consistent with adsorption results for BSA and 
DNA alone, thin fi bers effi ciently catch BSA clusters and 
are reluctant to adsorb DNA. The performance of the 
PS membranes was compared with that of commercial 
cellulose acetate membranes. The results show that the 
PS membranes display higher separation effi ciencies 
compared to that of the commercial membrane. Conse-
quently, a membrane consisting of thin electrospun PS 
fi bers is promising for the separation of BSA molecules in 
the presence of DNA. 
 We monitored the BSA/DNA ratio to qualitatively 
and rapidly compare the membrane performance. Note 
that a low ratio is desired because the concentration 
of BSA needs to be reduced faster than that of DNA. 
Figure  7 shows the effect of the membrane amount on 
the BSA/DNA ratio in the material adsorbed onto the PS 
membrane and in the eluted solutions. When a small 
amount of membrane was used (5 mg), the ratio (BSA/
DNA: 19) was approximately the same as the initial ratio 
(BSA/DNA: 21) of the fresh solution before adsorption. 
Increasing the amount of membrane to 80 mg resulted in 
a remarkable decrease in the BSA/DNA ratio in the eluted 
solution (BSA/DNA: 8). This result suggests that the con-
centration of BSA decreases rapidly, whereas the amount 
of DNA reduces slowly. Thus, the ratio decreases in favor 
of increasing DNA concentration. 
 An alternative syringe column system was examined 
to gain further insight into the performance of the elec-
trospun membranes. In this system, the BSA and DNA 
mixture was passed through the syringe columns con-
secutively. The eluent was passed through a new mem-
brane system numerous times, one after the other. The 
membrane amount was 5 mg for each measurement. 
UV–vis spectra of the eluted solutions were successively 
recorded. Figure  8 presents the separation results of the 
serial column system. The BSA/DNA ratio systematically 
decreases for the eluted solutions from 21 to 12 after 
12 cycles. A greater number of cycles was expected to 
result in increased concentration of DNA compared to 
that of BSA; however, the membrane deteriorated and 
the fi bers disintegrated. Consequently, a one-step process 
using a large amount of the membranes provided better 
effi ciency than the consecutive fi ltration for the isolation 
of DNA. 
 3.5.  Surface Modifi cation of the PS Membranes 
 Au nanoparticles (Au NPs) have been recognized as con-
venient materials for biomedical applications because of 
their excellent biocompatibility, low toxicity, tunable col-
loidal stability, and resistance to bacterial infection. [ 46 ] In 
order to improve the separation effi ciency of the PS mem-
branes, we decorated the individual fi bers of the mem-
brane with Au NPs. An electrospun membrane of 80 mg 
was used as a substrate for surface modifi cation. Figure 
 9 a,b presents PS membranes modifi ed by Au NPs. Bright 
spots on the surface of electrospun fi bers refer to Au 
Macromol. Mater. Eng. 2016,  301,  827−835
 Figure 5.  Effect of PS fi ber diameter on the adsorbed DNA amount. 
(The concentration of DNA is 1 × 10 −6  M .)
 Figure 6.  The comparison of BSA/DNA separation effi ciency by PS 
membranes having different AFD and a 0.45 μm cellulose acetate 
membrane. (The amount of membranes was fi xed to 5 mg for 
each trial.) When the sorption capacity is used as a unit for sorp-
tion performance, the values are getting close to each other. So 
that  Y -axis of the plot is given in number of moles of analytes 
adsorbed by per g of the fi bers for the ease of comparison.
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domains (Figure  9 c). Because the membrane was subjected 
to post-surface modifi cation, the particles were selec-
tively nucleated on the surface of the fi bers. The Au con-
tent was determined by thermogravimetric analysis and 
was observed to be 3% for PS/Au composite fi bers (Figure 
S5, Supporting Information). The mean diameter of the 
particle domains was 50 nm. (Figure  9 d) Binding of BSA 
molecules to an Au surface can be accomplished by taking 
advantage of extremely stable thiol–Au bonds. [ 47–50 ] Thiol 
groups on a serum albumin sequence increase the binding 
effi ciency to the Au surfaces. These Au NPs enhance 
the BSA adsorption performance of the membrane and 
the decrease the BSA/DNA ratio in the eluted solution. 
Whereas the ratio of BSA/DNA was decreased from 21 to 8 
for the best performance obtained by neat electrospun PS 
membranes, this ratio was reduced to 5 upon Au NPs’ deco-
ration of PS fi bers. 
 The results indicated that an Au-modifi ed PS mem-
brane prepared with 80 mg of electrospun fi bers 
exhibited the best performance, at least under the 
experimental conditions employed in this study. This 
membrane was applied to both the model system and 
the simulative serum. The Au-modifi ed PS membranes 
exhibited high separation effi ciency in the model 
system, whereas this effi ciency decreased in the simula-
tive serum medium may be because of the presence of 
numerous competitive species (Figure S6, Supporting 
Information). 
 3.6.  Discussion 
 Protein adsorption is complex and 
mainly driven by entropic parameters. 
The conformational change is the pri-
mary driving force for the adsorption 
process. This change arises from the side-
chain orientations and alteration of the 
main torsional angles in polypeptides. [ 51 ] 
BSA is a globular protein with a highly ordered structure. 
During the adsorption, protein molecules form various 
contacts with the surface and the structure may break 
down. The disruption of the structure leads to a change 
in the secondary structure and having less rigid structure 
with an increase in conformational entropy. [ 52 ] In sharp 
contrast to the adsorption of synthetic macromolecules, 
the adsorption of biomolecules onto a surface increases 
the entropy of the system. In addition, the large entropy 
gain results in free hydrophobic groups, and this change 
causes the release of the water molecules initially held by 
the biomacromolecules. This partial dehydration develops 
the balance between hydrophobic and hydrophilic interac-
tion of BSA and the fi ber surface. While a fraction of mol-
ecules is attached to PS surface, another part form loops 
and tails interacting with surrounding water molecules. 
This interaction shows more entropic freedom than rigid 
hydrated protein structure. Hydrophobic contacts develops 
enthalpic interactions as well. However, the increase of 
enthalpy due to the formation of constraints with fi ber 
surface is suffi ciently compensated by the two entropy 
contributions (dehydration and structural change). 
 In addition to PS, another commodity vinyl polymer, 
poly (methyl methacrylate) (PMMA), was also tested 
using this strategy. However, the performance of PMMA 
was observed to be much lower than that of PS (Figure S7, 
Supporting Information). A possible explanation for this 
result is the specifi c interaction between PMMA and 
DNA. PMMA has polar carbonyl groups that can interact 
Macromol. Mater. Eng. 2016,  301,  827−835
 Table 2.  Adsorbed amount of analytes on PS membranes. 
AFD
[μm]
Single BSA
[mg g −1 ]
Single DNA
[mg g −1 ]
BSA in mix
[mg g −1 ]
DNA in mix
[mg g −1 ]
0.8 18.82 0.046 7.46 0.015
3.9 3.97 0.093 2.32 0.086
9.5 3.39 0.130 0.21 0.230
 Figure 7.  The ratio of the adsorbed BSA to eluted DNA using 
different weights of PS membranes in syringe columns.  Figure 8.  The BSA/DNA ratio as a function of cycle number.
T. Isık et al.
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with DNA via H-bonding. Thus, both BSA and DNA 
were adsorbed by the PMMA membrane, and the BSA/
DNA ratio remained almost unchanged. Because of its 
hydrophobic nature, PS exhibited better performance in 
removing BSA from the BSA and DNA mixture. 
 Adsorption is a surface phenomenon, which means 
that it depends on equilibrium. In order to better under-
stand the adsorption mechanism, many previous studies 
have focused on isotherms of analytes. Various isotherm 
models have been developed. Along with the Langmuir 
and Langmuir-driven isotherms, the Temkin and Fre-
undlich adsorption isotherms are the most commonly 
used models for protein-adsorption batch experiments. 
Because of the limited residence time for the interaction 
between the sorbent and the solute during dynamic 
column adsorption, we investigated the saturation point 
of the membranes using breakthrough curves. The 
nitrogen adsorption process was used to analyze a rep-
resentative electrospun membrane after 40 adsorption 
cycles. After this rigorous adsorption experiment, no 
remarkable change was observed, except for the presence 
of a small number of fi ber ruptures (Figure S8, Supporting 
Information). The adsorption capacity does not reach 
a plateau level after numerous consecutive adsorption 
experiments. Thus, none of the proposed adsorption 
models could be applied. 
 4.  Conclusions 
 In this study, we investigated a new generation separa-
tion membrane made up of electrospun fi bers function-
alized with surface-active Au interface compatible with 
physiological conditions. The prepared fi brous PS mem-
branes were used for the selective separation of DNA from 
both model and simulative serum. Surface morphology 
(porosity, AFD, and curvature of the fi ber surface), mem-
brane amount in the syringe column, initial concentration 
of the analyte, and pH of the medium strongly infl uence 
the adsorption effi ciency of the membranes. Although the 
membranes are made of PS electrospun fi bers, their max-
imum adsorption capacity (from breakthrough curves) for 
BSA was 270 mg·g −1 . This result is similar to the literature 
examples, which typically involve expensive and compli-
cated synthesis processes. [ 18,53,54 ] These membranes offer 
opportunities for improved protein adsorption, particu-
larly when surface modifi cation with Au NPs is employed. 
Au-NP modifi cation signifi cantly increased the BSA adsorp-
tion from 66 to 111 mg·g −1 . The concentration of DNA with 
respect to that of BSA increased fourfold in the eluted solu-
tion. The electrospun membranes hold great potential for 
the fast and effective separation of DNA from a simulative 
serum. They also have the potential to be developed for the 
separation of DNA biomarkers for diagnosis. 
Macromol. Mater. Eng. 2016,  301,  827−835
 Figure 9.  a,b) SEM micrographs of Au modifi ed PS membranes with different magnifi cations, c) EDS spectrum of membranes and d) particle 
size of Au NPs on the fi bers.
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